Many animal species show flexible behavioral responses to environmental and social changes. Such responses typically require changes in the neural substrate responsible for particular behavioral states. We have shown previously in the African cichlid fish, Haplochromis burtoni, that changes in social status, including events such as losing or winning a territorial encounter, result in changes in somatic growth rate. Here we demonstrate for the first time that changes in social status cause changes in the size of neurons involved in the control of growth. Specifically, somatostatin-containing neurons in the hypothalamus of H. burtoni increase up to threefold in volume in dominant and socially descending animals compared with cell sizes in subordinate and socially ascending fish. Because somatostatin is known to be an inhibitor of growth hormone release, the differences in cell size suggest a possible mechanism to account for the more rapid growth rates of subordinate and socially ascending animals compared with those of dominant or socially descending fish. These results reveal possible mechanisms responsible for socially induced physiological plasticity that allow animals to shift resources from reproduction to growth or vice versa depending on the social context.
Distinct behavioral tactics used by individuals of the same species under different social and environmental conditions often reflect changes in reproductive opportunity (Williams, 1966; Lott, 1982) . For example, individuals may delay reproduction if they cannot compete with currently superior animals. In species with indeterminate growth, such as fish, dominance status may affect the life-history strategies of individuals by regulating growth rate (Metcalfe et al., 1989; Warner, 1991; Hofmann et al., 1999a) . How animals adjust to the diverse physiological requirements of such different strategies is unknown.
To understand the neural and endocrine modifications produced by social change, we induced changes in dominance among African cichlid fish, Haplochromis burtoni, and measured the effects. H. burtoni is a nonseasonal breeder and lives in shore pools of Lake Tanganyika in tropical East Africa (Fernald and Hirata, 1977a,b) . The behavior of this species has been carefully described in both the laboratory (Fernald, 1977) and the field (Fernald and Hirata, 1977a) . At any time, ϳ30% of the adult male population show bright body coloration, perform 17 distinct behavioral acts, maintain territories, and have mature testes [territorial fish (T)]. Only Ts are reproductively active. The remaining males [nonterritorial fish (NT)] school with females, are cryptically colored, and sexually regressed. We have demonstrated previously that a change in social status leads to a change in the size of gonadotropin-releasing hormone (GnRH)-containing neurons of the hypothalamus. In Ts, GnRHcontaining neurons are eight times larger than those in NTs (Francis et al., 1993) . These differences between T and NT males have been studied in stable social situations or after individuals were moved to new tanks (Francis et al., 1993) . However, the natural conditions under which these fish live are much less stable than those in the laboratory (Fernald and Hirata, 1977b) . For example, strong winds often produce significant interruption of the three dimensional layout of the shallow habitats. Moreover, Fernald and Hirata (1977b) reported that hippopotami (Hippopotamus amphibius) traversed their study sites and disrupted the territorial structures occupied by T males. In addition to changes in the physical environment, the social system may also change because T males are more likely to be targets of predation because of their conspicuously bright coloration (Fernald and Hirata, 1977b) . This instability forces individuals to adjust their behavior and physiology quickly as reproductive opportunities come and go.
We have shown previously (Hofmann et al., 1999a) that NTs and males ascending in social rank (NT3 T) show an increased growth rate, whereas Ts and socially descending animals (T3 NT) slow their growth rate or even shrink. Because of the pronounced growth reduction in those social categories (Hofmann et al., 1999a) , we hypothesized that somatostatin is the most likely mediator of this effect. This neuroendocrine signaling peptide inhibits the release of growth hormone (GH) from the pituitary to regulate somatic growth (Brazeau et al., 1973) . To examine whether neurons containing this neuropeptide might play a role in the socially mediated control of growth in H. burtoni, we measured the size of somatostatin-containing neurons in the preoptic area (POA) of the hypothalamus as a function of social status. Many signaling neuropeptides that control the release of pituitary hormones are produced in the POA, which is known for its importance in both growth and reproduction (Palkovits, 1988) .
MATERIALS AND METHODS
To induce social change, we subjected animals to a fluctuating environment (Hofmann et al., 1999a) , simulating alterations in the natural environment caused by hippopotamus visits, winds, predation, etc. (Fer-nald and Hirata, 1977a) . Animals were observed and their growth was measured before they were killed, after which changes in the preoptic brain area were measured.
Animal care. Fish derived from a wild-caught stock population were kept in aquaria under conditions similar to those of their natural environment (Fernald and Hirata, 1977b) : pH 8, 28°C water temperature, and 12 hr light /dark cycle with f ull-spectrum illumination. Gravel covered the floor of the aquaria, and flowerpots on the substrate facilitated the establishment and maintenance of territories necessary for successf ul reproduction (Fernald and Hirata, 1977a) . Fish were fed every morning ad libitum with cichlid pellets and flakes (AquaDine, Healdsburg, CA). All work was in compliance with the Animal C are and Use Guidelines at Stanford University and approved by the local Administrative Panel on Laboratory Animal C are committee.
E xperimental design. Males that were individually identified via colored tags (7-10 fish per tank) from different age cohorts were placed in 100 l aquaria (91 ϫ 45 ϫ 25 cm) with approximately the same number of females. The standard lengths (SL) and weights of each fish were measured weekly or biweekly. Because fish typically display their normal behaviors Ͻ1 hr after being measured, the interval between times of handling was long enough for the fish to recover from this stressor. We defined the growth rate as the relative change in SL over a 7 d period (Hofmann et al., 1999a) . Growth rates were independent of standard length ( Fig. 1) , as was shown by linear regression analysis (regression ANOVA; F (1,19) ϭ 0.7975; r 2 ϭ 0.04; p ϭ 0.383). We induced changes in social status by altering the habitat through rearrangement of the number and location of territorial shelters. Five days after an environmental change, we measured the standard length and weight of each animal and recorded their social status. The three possible outcomes are that animals (1) maintained their status as T or N T; (2) ascended in status (N T3 T); or (3) descended in status (T3 N T). After these manipulations, the fish often showed dramatic changes in growth; N Ts and N T3 Ts grew faster than Ts and T3 N Ts, which either grew slightly or even shrank (Hofmann et al., 1999a) .
Behavioral observations. Before being killed, all animals were observed at least three times per week for ϳ20 min between 10:00 A.M. and 1:00 P.M. Ts and N Ts were categorized based on their characteristic coloration and behavioral patterns (Fernald, 1977) . Brightly colored T males display a black lachrymal stripe across the eyes and are aggressive, as seen by their chasing, biting, exhibiting threat displays, and border conflicts with other Ts. These males are reproductively active, as shown by digging spawning pits in the gravel and courting and spawning with females. In contrast, the sandy gray N Ts tend to form schools and flee from chasing Ts. The location of the territories within each tank was also recorded.
Gonadal anal ysis. Five days after a habitat disruption, animals were anesthetized and quickly killed by rapid cervical transection. Gonads were removed and weighed, and the gonadosomatic index (GSI) was calculated: GSI ϭ (organ weight [g]/ body weight [g]) ϫ 100.
Immunoc ytochemistr y. After the animals were killed, brains were rapidly removed and immersion-fixed overnight (4% paraformaldehyde in phosphate buffer, 4°C). The tissue was cryoprotected overnight (4°C in 30% sucrose), frozen at Ϫ20°C, and then sagittally sectioned at 30 m on a microtome cryostat (Microm, Heidelberg, Germany). Tissue was collected on slides (Colorfrost / Plus; Fisher Scientific, Pittsburgh, PA) and kept at Ϫ20°C until f urther processing. To identif y somatostatinimmunoreactive (IR) cells, sections were incubated overnight at 4°C with a primary polyclonal antiserum raised in rabbit against somatostatin (Peninsula Laboratories, Belmont, CA), previously used successf ully on teleost fish neurons (Stroh and Zupanc, 1996) . To locate the antibody binding site, avidin -biotin amplification was used (Vector Laboratories, Burlingame, CA) and visualized using nickel-enhanced 3,3Ј-diaminobenzidine as chromogen. After dehydration in an ascending alcohol series and clearing in xylene, sections were mounted in Permount (Fisher Scientific) under coverslips. Four brains (one of each social category) were processed as a group.
In teleosts, neuropeptide-producing hypothalamic neurons project to Differences between NTs and Ts are significant (Mann-Whitney U test; U ϭ 31; n 1 ϭ 5; n 2 ϭ 7; p Ͻ 0.02), whereas differences between NTs and NT3 Ts (U ϭ 30; n 1 ϭ 5; n 2 ϭ 8; p ϭ 0.11) and T3 NTs (U ϭ 32; n 1 ϭ 5; n 2 ϭ 8; p ϭ 0.06), respectively, are only nearly significant. Interestingly, NT3 T animals display T-sized gonads only 5 d after they became territorial (U ϭ 39; n 1 ϭ 8; n 2 ϭ 7; p ϭ 0.17). Correspondingly, the gonads of T3 NT males had not regressed compared with Ts after the same time interval (U ϭ 40; n 1 ϭ 8; n 2 ϭ 7; p ϭ 0.73).
their respective target cells in the pituitary directly, because there is no portal system (Peter et al., 1990) . Grau et al. (1985) have shown that, in a closely related cichlid species, the T ilapia, preoptic somatostatin-IR neurons project to the pituitary. In the H. burtoni pituitary, somatostatin immunoreactivity is most prevalent where the proximal pars distalis interdigitates with the central and posterior neurohypophysis (H. A. Hofmann and R. D. Fernald, unpublished observations) . This is also the location in which the growth hormone-producing somatotrophs are located in cichlids (Melamed et al., 1999) . In addition to the neuron population in the POA, the somatostatin antiserum consistently stained cells in the ventrolateral telencephalon, the optic tectum, the caudal hypothalamus, the medulla oblongata, and occasionally in other areas, consistent with previous reports in fish (Grau et al., 1985; Margolis-Nunno et al., 1987; Batten et al., 1990; Stroh and Zupanc, 1996; Vallarino et al., 1997) .
Cell size measurements. The soma sizes of neurons immunoreactive to somatostatin in the POA were measured using computer-aided analysis of video images (N IH Image 1.61; Wayne Rasband, National Institutes of Health, Gaithersburg, MD) viewed via microscope (Axioskop; Z eiss, Oberkochen, Germany). For a minimum of 50 neurons per animal, the cross-sectional area was measured for neurons with the nucleus in the plane of section. The measuring error was Ͻ7%, as estimated by repeatedly measuring cells of the same sections in some fish. Measurements of stained cells in the ventral telencephalon of some individuals did not yield any evidence for soma size differences.
We tested whether body size differences contributed to differences in somatostatin-IR soma size for the range of fish we used (4.30 cm /2.48; 7.85 cm /15.79). The size of somatostatin-containing cells is not a f unction of animal size (Spearman rank correlation; r s ϭ 0.1709; p ϭ 0.4590; n ϭ 18). Nonetheless, to eliminate any possible variation introduced by body size differences, cell size measurements were corrected with the following procedure (White and Fernald, 1993) : corrected soma sizes SS c ϭ SS u ϩ {[(SS u * SL x /SL) Ϫ SS u ] * K}, where SS u is the uncorrected mean soma size of an individual fish, SL its standard length, and SL x is the mean standard length for the whole subject pool of this study. K is a constant for the contribution of SL to SS u as determined by the Spearman rank test for that sample. This correction was 5.2% or less.
Statistics. All values are presented as means Ϯ SE. Soma sizes and growth rates of different social categories were compared by means of ANOVA with post hoc group comparisons after T ukey -Kramer using GB-Stat software (Dynamic Microsystems, Silver Spring, MD).
RESULTS
Five days after a habitat disruption, changes were observed in social status of some animals. In individuals that changed status, we found changes in rate of growth, gonad size, and size of somatostatin-containing neurons in the POA. Thus, an environmental manipulation produced substantial changes in the behavior, body, and brain of individual males.
Growth
In the 5 d after an environmental change was induced, NTs and NT3 T males grew significantly faster than Ts and T3 NTs (Fig.  2) . This result is consistent with our previous findings (Hofmann et al., 1999a) . Growth rates of NTs and NT3 Ts were combined, as were growth rates of Ts and T3 NTs, because their respective growth rates were not significantly different.
Gonad size
NT fish had relatively smaller gonads than did NT3 T, T, and T3 NT males (Fig. 3) . Thus, within 5 d after habitat disruption, NT3 Ts increased gonad size to nearly T levels, whereas T3 NTs did not show a significant decrease.
Somatostatin-IR soma sizes
The size of somatostatin-IR somata depended on social status. NTs and NT3 Ts had substantially smaller somatostatincontaining neurons than did T3 NTs and Ts, as can be seen from the representative examples in Figure 4 . Statistical analysis confirmed that the soma size differences are significant (for details, see Fig. 5a ). Somatostatin cell size is significantly correlated with overall growth rate (Fig. 5b) . The resulting inverse relationship between cell sizes and growth rates was fitted by a linear regression analysis (regression ANOVA; F (1,16) ϭ 11.4133; r 2 ϭ 0.42; p Ͻ 0.001). Interestingly, staining intensity as an indicator of antigen amount appeared to vary as well between the groups. The somatostatin-IR cells of NTs and NT3 Ts generally exhibited lighter staining compared with T3 NTs and Ts (Fig. 4) . Although these differences were qualitatively consistent, they are difficult to quantify.
DISCUSSION
The goal of these experiments was to discover the neuroendocrine mechanisms responsible for differential growth rates after changes in social status. How is growth rate modified in males that change social status? Animals must recognize a change in reproductive opportunity, change social status, and adjust their physiological and neural state appropriately. The differential regulation of somatostatin release is a likely mechanism for this control, because this neurohormone is known to inhibit the release of GH from the pituitary (Brazeau et al., 1973) . Our findings suggest that, if somatostatin cell size is correlated with its release, either positively or negatively, the levels of GH may change appropriately to allow the observed changes in growth.
We do not yet know how social status regulates somatostatin expression and release into the pituitary. Fox et al. (1997) recently showed in this species that socially descending fish (T3 NT) consistently exhibited high levels of cortisol. This change in cortisol level may be part of an endocrine mechanism for growth control because glucocorticoids are known to inhibit somatic growth (humans: Blodgett et al., 1956; rats: Loeb, 1976; Mosier et al., 1976; teleosts: Pickering, 1990) . In a closely related tilapia species, Oreochromis mossambicus, chronic administration of cortisol leads to a reduction in body weight and reproductive indicators, such as gamete size and levels of sex steroids (Foo and Lam, 1993) . However, the interactions between somatostatin, GH, and cortisol are notoriously complex (for review, see Thakore and Dinan, 1994; van Weerd and Komen, 1998) , so there may be additional factors involved in the socially mediated growth regulation of H. burtoni.
Our discovery that growth rates are inversely correlated with somatostatin neuron size suggests that, at least in descending animals with high levels of cortisol (Fox et al., 1997) , social signals mediate cell size via a cortisol-mediated pathway. In addition, because Ts spend less time feeding (Fernald and Hirata, 1977a; Munthali, 1996) , they may be comparable with fasting fish in which growth hormone levels are increased despite a reduction in growth (Sumpter et al., 1991) . Interestingly, measurements of circulating GH in H. burtoni suggest that GH levels may indeed be increased in Ts and T3 NTs (Hofmann et al., 1999b) . Although it is not completely clear what role somatostatin plays in fasting fish (Holloway et al., 1994) , one possibility is that, in this state, somatostatin release is inhibited, possibly resulting in peptide accumulation in the cells.
Whether larger somatostatin-IR neurons reflect increased accumulation or production is unknown. Interestingly, in rodents, hypothalamic somatostatin expression and peptide content are sexually dimorphic and dependent on gonadal steroids (Murray et al., 1999; Nurhidayat et al., 1999) . These differences are inversely correlated to secretory capacity (Murray et al., 1999) . Several factors are known to affect hypothalamic somatostatin secretion. In vitro experiments in rats showed that the food intakecontrolling hormone leptin (Quintela et al., 1997a) , transforming growth factor-␤ (Quintela et al., 1997b) , and the inhibitory transmitter GABA in concert with estrogen (Arancibia et al., 1997) each inhibit somatostatin secretion. In addition, somatostatin can inhibit its own release via a negative autofeedback (Aguila, 1998) . In rainbow trouts, the sex steroid estradiol decreases plasma somatostatin levels and makes pituitary somatotrophs less sensitive to somatostatin-mediated GH inhibition (Holloway et al., 1997) . Somatostatin secretion is stimulated by NMDA and L-glutamate (Joanny et al., 1997) and nitric oxide (Aguila, 1994) . Together, there are clearly numerous possible regulatory factors associated with the control of somatostatin neuron size in H. burtoni.
When social opportunities change, animals must exhibit quick behavioral and physiological responses. For example, defeated H. burtoni males slow their growth but maintain their reproductive capabilities as long as possible (Nguyen et al., in preparation) . In our study, such descending males still exhibited T-size gonads 5 d after the loss of their territory. Later, they show what might be called "environmental optimism" by allocating resources again toward growth. When they finally become territorial again, their gonads mature extremely rapidly. However, the broader question of how social information is transduced into cellular and physiological changes remains a mystery. Socially induced responses that occur only under pathological conditions, such as psychosocial dwarfism in humans (Sänger et al., 1977; Green et al., 1984) , may reflect adaptive mechanisms that evolved under less severe circumstances, such as changes in social status exhibited by H. burtoni. Because the social environment clearly regulates many aspects of physiology in humans and other animals, understanding the mechanisms responsible may allow us to understand the evolution and control of this important feature of social interactions.
